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I.  INTRODUCTION 

One  of  the  major  thrusts  of  the  US  Army  Missile  Research  and 
Development  Command  is  technological  improvement  of  indirect-fire  free 
rockets.  Studies  to  date  point  favorably  toward  rockets  characterized 
by  long  slender  configurations  with  short  boost  times.  Because  of  the 
short  boost  times,  jet  plume  effects  on  missile  longitudinal  stability 
vi/ill  be  critical.  Plume  effects  have  been  investigated  previously  on 
short  rocket  configurations  [1,2,3].  The  purpose  of  the  present  investi- 
gation was  to  obtain  longitudinal  stability  data  on  long  configurations 
and  to  determine  if  plume  effects  on  aerodynamics  are  affected  by  body 
length.  Test  Mach  number  was  varied  from  0.2  to  1.5  and  angle  of  attack 
was  varied  from  -11°  to  11°.  Plume  simulation  was  accomplished  with 
the  same  normal  jet  simulator  used  in  previous  tests  [1,2,3].  Simulator 
chamber  pressure  was  varied  up  to  600  psi. 

II.  APPARATUS  AND  TEST  CONDITIONS 

The  model  is  a sting-mounted  body  of  revolution  having  a diam- 
eter of  5 inches.  It  has  a 3-caliber  tangent  ogive  nose  with  a cylindri- 
cal afterbody  which  can  be  tested  in  total  lengths  of  18  and  24  calibers. 
A cruciform  fin  configuration  was  tested  in  combination  with  the  24- 
caliber  body.  Fins  are  rectangular  and  have  chords  of  5 inches  and  semi- 
spans of  2.5  inches.  Fin  geometry  is  shown  in  Figure  1.  The  fins  were 
tested  only  in  the  forward  location  with  fin  trailing  edge  7.5  inches 
ahead  of  the  base.  A sketch  of  the  model  is  shown  in  Figure  2.  The 
model  base  area  and  plume  simulator  is  presented  in  Figure  3. 


(a)  FIN  FI 


Figure  1.  Fin  geometry. 
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Figure  3.  Model  base,  simu 


The  plume  simulator  consisted  of  24  sonic  jets  normal  to  the  sting 
centerline  and  arranged  circumferentially  in  two  rows  with  a common  air 
chamber  (Figure  3).  The  simulator  was  located  0.5  caliber  aft  of  the 
model  base.  The  combined  exit  area  of  the  24  jets  represents  6%  of  the 
model  base  (reference)  area.  The  level  of  plume  simulation  was  estab- 
lished by  varying  pressures  in  the  simulator  chamber  as  shown  in  Table  1. 
The  maximum  rate  of  air  supplied  to  the  simulator  was  15  Ibs/sec. 

A 2.0-lnch,  6-component  balance  was  used  to  measure  the  model  forces 
and  moments.  Balance  capacities  were  1500-lbf  normal  force  and  800-lbf 
side  force,  while  the  axial  force  and  rolling  moment  were  200  Ibf  and 
2000  in-lbf,  respectively.  To  achieve  better  data  resolution  in  the 
model  pitch  plane,  the  balance  800-lbf  capacity  side-force  gages  were 
used  to  measure  model  normal  force.  The  fin  forces  and  moments  were 
measured  with  5-component  (no  axial  force)  balances  rated  at  60  pounds 
normal  force. 

Model  angle  of  attack,  which  varied  from  -11°  to  11°,  was  measured 
using  a pendulum-type  angle  sensor,  with  a back-up  measurement  determined 
from  the  indicated  sting  angle  and  balance  sting  deflections. 

AEDC  Tunnel  16T  is  a closed-circuit,  continuous-flow  tunnel  that 
can  be  operated  at  Mach  numbers  from  0.20  to  1.60.  The  test  section  is 
16  X 16  feet  in  cross  section  and  40  feet  long.  Details  of  the  tunnel's 
capabilities  and  supporting  equipment  can  be  found  in  the  Test  Facility 
Handbook  [4].  The  model  installed  in  the  test  section  is  shown  in 
Figure  4.  Table  2 gives  the  specific  conditions  under  which  data  were  taken 
during  this  test.  Tables  3,  4,  5,  and  6 present  normal  force  slopes 
at  zero  angle  of  attack,  pitching  normal  slopes  at  zero  angle  of  attack, 
Fin  2 normal  force  slopes  at  zero  angle  of  attack,  and  Fin  4 normal 
force  slopes  at  zero  angle  of  attack,  respectively, 

III.  DATA  REDUCTION 

Model  aerodynamic  coefficients  were  calculated  in  the  body- 
axis  system  (Figure  5)  and  referenced  to  a point  25.5  inches  forward  of 
the  model  base  (missile  station  94.5).  Hinge  moments  for  the  tail 
balances  were  taken  about  the  centerline  of  the  attachment  points;  the 
root  bending  moments  were  taken  about  the  body  surface  at  the  attachment 
point.  Reference  lengths  and  areas  for  fins  and  total  configurations 
(Figure  6)  are  based  on  model  diameter  of  5 inches  and  cross-sectional 
area  of  19.635  square  inches. 

A parameter  used  in  setting  the  level  of  plume  effects  is  the 
radial  thrust  coefficient,  defined  as; 


TABLE  1.  AEDC  TF-416  PLU^E  SIMULATOR  CHAMBER  PRESSURES 


’L\BLE  4.  PITCHING  ^K)ME^^r  SLOPES  AT  ZERO  ANGLE  OF  ATTACK 


TABLE  6.  FIN  4 NORMAL  FORCE  SLOPES  AT  ZERO  ANGLE  OF  ATTACK 


TAIL  FINS 


Figure  6.  Axis  system  and  positive  sign  convention  for  fins 
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(tm) 


= total  exit  area,  normal  jet 


= chamber  pressure  in  the  normal  jet  simulator,  psi 

P = tunnel  static  pressure,  psf 
s 

= jet  Mach  number  = 1.0  (sonic  nozzles) 

Q = free-stream  dynamic  pressure,  psf 

The  Data  Management  System  was  utilized  to  calculate  various  inter- 
ference coefficients  which  are  presented  in  the  Appendix.  The  equations 
utilized  were: 


^B(F) 

N 

(body  + fins) 

™B(F) 

= C 

"(body  + fins ) 

^(F) 

= d(C  )/dQ 

B(F) 

C 

B(F) 

= d(C  )/dQ 

"^(F) 

“ o„,  ■ 

AC 

m 

= C - C 

"(jet  on)  " 

\(n  . . 

i -Ijet  on 

-P 
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(body  alone)J 


fin  hinge  moment  was  moved  to  station  94.5. 
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AC  = C - C 

"'b(F)  "'b(F)  . ™(body  alone)  . 

L J jet  on  L ' 'j  jet  off 


= d(AC  )/dQ 

\(F)  "b(F) 


AC  = d(AC  )/da 

\(F) 


jet  on 


jet  off 


IV.  RESULTS  AND  DISCUSSION 

Plume  effects  on  the  variation  of  normal  force,  C^^,  and 
pitching  moment,  C^,  with  angle  of  attack,  a,  for  the  body  alone  (B24) 

are  shown  in  the  Appendix,  Figures  A-1  through  A-8.  In  general,  only 

one  plume  off  and  one  value  of  C was  run  at  each  Mach  number  because 

Ki 

of  lack  of  test  time  available.  Plume  effects  on  the  variation  of  C„ 

N 

and  C^  with  Q for  the  body-fin  configuration  (B24F1)  is  presented  in 

Figures  A-9  through  A-17.  Fin  balance  data  for  the  two  horizontal  fins 

(F2  and  F4)  are  shown  in  Figures  A-18  through  A-44.  These  data  consist 

of  plume  effects  on  the  variation  of  fin  normal  force  C , hinge  moment 

Nr 

C , and  bending  moment  C„  with  a.  Data  for  the  vertical  fins 
T *F 

(FI  and  F3)  are  not  presented  since  the  variations  due  to  Ct  and  C are 

It 

small . 

The  variation  of  the  initial  slopes  of  normal  force  ),  pitching 

Q 

moment  (C  ),  and  fin  normal  force  (C..  , C ) with  C__  is  shown  in 

‘"a  ^oF2  ^QF4 

Figures  A-45  through  A-62.  Comparisons  of  plume  effects  on  C and 

C between  the  present  configurations  (24  calibers  long)  and  previous 
“qF2 

tests  (10.4  calibers  long)  are  shown  in  Figures  A-49,  A-53,  A-57,  and 
A-61  for  several  Ifach  numbers.  The  data  on  the  short  configuration  are 
from  References  [1,2,3]  with  the  same  fin  configuration  as  the  present 
test.  For  the  body-fin  configurations,  the  longer  configuration  is 
affected  by  the  plume  at  a lower  thrust  level  (the  loss  in  C and  C^, 

”qF2 

occurs  at  a lower  value  of  C _).  This  fact  is  probably  due  to  the  lower 

K 1 
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momentum  of  the  thicker  boundary  layer  on  the  longer  configuration  and 
its  lower  resistance  to  plume-induced  flow  separation. 

The  plume  effects  on  the  body  in  the  presence  of  the  fins  (C 

B(F) 

and  C ) were  determined  by  subtracting  horizontal  fin  forces  and 

™B(F) 

moments  from  the  total  configuration  (B24F1)  forces  and  moments.  These 
values  and  their  derivatives  are  presented  in  Figures  A-63  through  A-84. 
Body  alone  coefficients  with  no  plume  effects  were  subtracted  from 
C.,  and  C to  obtain  the  plume  effects  on  the  model  afterbody 

^B(F)  "^(F) 

in  the  presence  of  fins.  The  values  (AC  and  AC  ) and  their 

^B(F)  '"b(F) 

derivatives  are  presented  in  Figures  A-85  through  A-106.  Plume  effects 
on  body  alone  (AC^  and  AC^)  were  obtained  by  subtracting  plume-off  from 

plume-on  data.  These  values  and  their  derivatives  are  presented  in 
Figures  A-107  through  A-118. 
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Appendix  A.  PLOTTED  DATA* 


Title 


Conditions 

Varying 


Plot 

Schedule 


Figure 


Thrust  Effects  on  Stability 
Characteristics  for  Body 
Alone,  B24 

Thrust  Effects  on  Stability 
Characteristics  for  Body  with 
Fins,  B24F1 

Thrust  Effects  on  Fins 

Effect  on  Radial  Thrust 
Coefficient  on  Longitudinal 
Derivatives 

Thrust  Effects  on  Fin  Normal 
Force  Characteristics 

Plume  Effects  on  Body  in 
Presence  of  Fins 

Plume  Effects  on  Afterbody 
in  Presence  of  Fins 

Plume  Effects  on  Body  Alone 

Plume  Effects  on  Body  Alone 
Derivatives 


CRT,  MACH 

CRT,  MACH 

CRT,  MACH 
PT,  MACH 

PT,  MACH 
CRT,  MACH,  PT 
DCRT,  MACH 
DCRT,  MACH 


A-1  - A-8 


A-9  - A-17 


A-18  - A-44 
A-45  - A-58 


A-59  - A-62 


A-63  - A-84 


A-85  - A-106 


A-107  - A-114 
A-115  - A-118 


Plot  Schedule: 

(A)  C,,  and  C vs . a 
N m 

Np2  HMj,2  HMp^  BMp2 

and  C„,,  vs.  Q 

BMf4 

""nq  ""mQ  ""rT 


(D)  C, 


vs . C„ 


and  C 


"^(F) 


vs . O', 


(F)  £.C, 


and  _C 


vs  . 0, 


and  4.C 


OB(F) 

vs. 


t<B(F) 


(G)  AC,,  and  AC  vs . Q 

N m 

(H)  AC  and  AC  vs.  C^^^ 

a Q 


OB(F) 


QB(F) 


’■■Tabulations  of  the  plotted  data  and  corresponding  source  data  are 
available  from  Data  F^nagement  Services  Operations. 
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Figure  A-1.  Thrust  effects  on  stability  characteristics  for  body  alone,  B24. 


Thrust  effects  on  stability  characteristics  for  body  alone 


Figure  A-7.  Thrust  effects  on  stability  characteristics  for  body  alone,  B24 
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SY^eOL  CRT  PARAME’RiC  VALUES  SREr  19.6J50  SO. 

O .010  BETA  .000  LRET  5. COCO  IN, 

Q S.907  MACH  1.500  5.0000  IN. 


Figure  A-8.  Thrust  effects  on  stability  characteristics  for  body  alone,  B24. 
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Figure  A-9.  Thrust  effects  on  stability  characteristics  for  body  with  fins,  B24F1 


Figure  A-IO.  Thrust  effects  on  stability  characteristics  for  body  with  fins,  B24F1. 


Figure  A-11.  Thrust  effects  on  stability  characteristics  for  body  with  fins,  B24F1 . 
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Figure  A-12.  Thrust  effects  on  stability  characteristics  for  body  with  fins,  B24F1. 
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Figure  A-13.  Thrust  effects  on  stability  characteristics  for  body  with  fins,  B24F1. 


Figure  A- 14.  Thrust  effects  on  stability  characteristics  for  body  with  fins,  B24F1. 


Figure  A-15.  Thrust  effects  on  stability  characteristics  for  body  with  fins,  B24F1. 


Figure  A-17.  Thrust  effects  on  stability  characteristics  for  body  with  fins,  B24F1 . 
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Figure  A-18.  Thrust  effects  on  fins. 


Figure  A-19.  Thrust  effects  on  fins. 


Figure  A-20. 


Figure  A-21 . Thrust  effects  on  fins. 


Figure  A-22 . Thrust  effects  on  fins. 


Figure  A-23.  Thrust  effects  on  fins. 
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Figure  A-24.  Thrust  effects  on  fins. 


Figure  A-25.  Thrust  oifccts  on  fins. 


Figure  A-29 . Thrust  effects  on  fins. 
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Figure  A-30.  Thrust  effects  on  fins 


Figure  A-31.  Thrust  effects  on  fins. 
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Figure  A-32.  Thrust  effects  on  fins. 
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Figure  A-33.  Thrust  effects  on  fins. 
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Figure  A-35.  Thrust  effects  on  fins. 


Figure  A-36.  Thrust  effects  on  fins. 


figure  A-37.  Thrust  eiCects  an  fins. 
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Figure  A-38.  Thrust  effects  on  fins. 


BODY  riN. 


Thrust  effects  on  fins 


Figure  A-43.  Thrusf  elfects  on  iins. 
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Figure  A-44.  Thrust  effects  on  fins. 
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Figure  A-50.  Efioct  oi  raJial  thrust  coefficient  on  longitudinal  derivatives. 
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Figure  A-52.  Effect  of  radial  thrust  coefficient  on  longitudinal  derivatives. 


Figure  A-53.  Effect  of  radial  thrust  coefficient  on  longitudinal  derivatives. 
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Figure  A-55.  Effect  of  radial  thrust  coefficient  on  longitudinal  derivatives. 
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figure  A-57.  Effect  of  radial  thrust  coefficient  on  longitudinal  derivatives. 
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Figure  A-59.  Thrust  effects  on  fin  normal  force  characteristics. 


Figure  A-60.  Thrust  effects  on  fin  normal  force  characteristics. 


Figure  A-61.  Thrust  effects  on  fin  normal  force  characteristics. 


Figure  A-63.  Plume  effects  on  body  in  presence  of  fins. 
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Figure  A-65,  Plume  ofiects  on  body  in  presence  oi  fins. 
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Figure  A-66.  Plume  effects  on  body  in  presence  of  fins. 
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Figure  A-68,  Plume  effects  on  body  in  presence  of  fins 
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Figaro  A-69.  Plume  oifects  on  Ixidy  in  presence  o£  fins. 
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Figure  A-70.  Plume  effects  on  body  in  presence  of  fins 


Figure  A-71.  Plume  elfccts  on  body  in  presence  o£  t-ins . 
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rigiirc  A-72.  Pliinio  effects  on  boJy  in  presence  of  fins. 


Figure  A-73.  Plume  ei facts  on  body  in  presence  of  tins. 
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Figure  A-75.  Flume  effects  on  body  in  presence  of  fins. 
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Figure  A-80.  Plume  effects  on  body  in  presence  of  fins. 
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Figure  A-83.  Plume  effects  on  body  in  presence  of  fins. 
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Figure  A-85.  Plume  effects  on  afterbody  in  presence  of  fins. 
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Figure  A-86.  Plume  effects  on  afterbody  in  presence  of  fins. 
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Figure  A-93.  Plume  effects  on  afterbody  in  presence  of  fins. 
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Figure  A-100.  Plume  effects  on  afterbody  in  presence  of  fins. 
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Figure  A-104.  Plume  effects  on  afterbody  in  presence  of  fins. 
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Figure  A-L05.  Plume  effects  on  afterbody  in  presence  of  fins. 
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Figure  A-106.  - Plume  effects  on  afterbody  in  presence  of  fins 
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Lgure  A-108.  Plume  effects  on  body  alone. 


Figure  A-110.  Plume  effects  on  body  alone. 


Figure  A-111.  Plume  effects  on  body  alone. 


Figure  A- 112.  Plume  effects  on  body  alone. 
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Figure  A-114.  Plume  effects  on  body  alone. 
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Figure  A-117.  Plume  effects  on  body  alone  derivatives. 


Figure  A-118,  Plume  effects  on  body  alone  derivatives 


NOMENCLATURE 


Symbol 

Mnemonic 

Definition 

RN/L 

RN/L 

unit  Reynolds  number;  per  ft 

V 

velocity;  ft/sec 

a 

ALPlb\ 

angle  of  attack,  degrees 

P 

BETA 

angle  of  sideslip,  degrees 

V 

PSI 

angle  of  yaw,  degrees 

<t> 

PHI 

angle  of  roll,  degrees 

p 

3 

mass  density;  slugs/ft 

CT 

thrust  coefficient,  axial  thrust/qS 

^RT 

CRT 

radial  thrust  coefficient,  defined 
in  text 

•^^RT 

DCRT 

differential  radial  thrust  coefficient 

Pb 

AVG 

PB/Pl  (PBX/P) 

ratio  of  average  base  pressure  to 
tunnel  freestream  static  pressure 

a 

speed  of  sound;  ft/sec 

C 

P 

CP 

pressure  coefficient;  (pj^  - P^)/Q 

M 

MACH 

Mach  number;  V/a 

q 

Q(PSF) 

2 

dynamic  pressure;  l/2pV 

Pb''P» 

base  pressure  ratio 

u 2 . 2 

base  area;  m , in 

b 

BREF 

wing  span  or  reference  span;  m,  in 

c.g. 

center  of  gravitj' 

^REF’ 

LREF 

reference  length  or  \vjing  mean  aero- 
dynamic chord;  m,  in 

^ref’  \ef 

SREF 

reference  area  based  on  body  diameter, 

. 2 
in 

mP 

moment  reference  point 

XMRP 

moment  reference  point  on  X axis 

YMRP 

moment  reference  point  on  Y axis 

ZMRP 

moment  reference  point  on  2 axis 

r 


Mnemonic 


Definition 


*"N  *'^N  ^ 

FX  TX 


fin  normal  force  coefficient, 
fin  normal  force 


''cPp,,«'''^TX> 


\Pp^<"*TX> 


CL^^lx 


CLMRX 


YCPFX 


XCPFX 


CM\FX 


fin  hinge  moment  coefficient, 
fin  hinge  moment 

qS  r c 

ref  ref 

fin  root  bending  moment  coefficient, 
fin  root  bending  moment 
^ ref  ref 

fin  spanwise  center  of  pressure, 

YCPFX  = 2b^(CL>RX/CNl'X),  inches 

fin  chordwise  center  of  pressure 
location  relative  to  fin  hinge  line, 
positive  toward  the  leading  edge, 

XCPFX  = Cj^(CL>niX/CNl-X) , inches 

fin  normal  force  coefficient  derivative 
with  alpha,  per  degree 


Body  Axis  (Main  Balance) 


normal-force  coefficient; 


normal  force 


axial-force  coefficient; 


axial  force 


side-force  coefficient: 


side  force 


pitching -moment  coefficient; 
ptiching  moment 

yawing -moment  coefficient; 

yawing  moment 
qSb 

rolling-moment  coefficient; 

rolling  moment 
qSb 
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• 

Symbol 

Mnemonic 

Def init ion 

C 

Q 

CLMALF 

pitching  moment  coefficient  derivative 
with  alpha,  per  degree 

Q 

CNALFA 

normal  force  coefficient  derivative 
with  respect  to  angle  of  attack,  per 
degree 

FI 

cruciform  fins  of  5 inches  chord  length 
and  half  span  of  2.5  inches 

«24 

B24 

rocket  body 

fin  root  chord  length,  5 inches 

fin  semispan,  2.5  inches 

L/D 

fineness  ratio,  model  length  divided 
by  diameter,  L/D  = 24 

'Sj 

tot 

total  exit  area,  normal  jet,  square 
inches 

PT 

tunnel  stagnation  pressure,  psf 

P 

s 

tunnel  static  pressure,  psf 

p 

c 

normal  jet  simulator  chamber 
pressure,  psi 

normal  jet  Mach  number  = 1.0 
(sonic  nozzles) 

B(F) 

CNBF 

normal  force  coefficient  of  body  plus 
fins  minus  the  normal  forces  of  fins 

2 and  4 l 

S 

^\b(F) 

gradient  of  CNBF  with  respect  to  angle  j 

of  attack,  per  degree  | 

c 

"^(F) 

CMBF 

pitching  moment  coefficient  of  the  body  j 
plus  fin  minus  the  hinge  moment  coeffi-  ] 
cients  of  fins  2 and  4 j 

'"OB(F) 

gradient  of  CMBF  with  respect  to  angle  ] 

of  attack,  per  degree  ^ 

B(F) 

DCNBF 

normal  force  coefficient  (CNBF)  at  j 
various  CRT  levels  minus  the  normal  | 
force  coefficient  of  the  body  alone 

at  CRT  = 0 j 

»• 

y 

r 

DCN 

normal  force  coefficient  of  body  alone 
at  CRT  values  greater  than  zero  minus 
the  normal  force  coefficient  of  the 
body  alone  at  CRT  = 0 

1 

# 

3* 
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Symbol 


Mnemonic 


Definition 


'N 


CcB(F) 


AC, 


a 


AC 


B(F) 


DCMBF 


AC  DCLM 

m 


aC 

m 

( 

clQ 

d 


Subscripts 


b 

1 

s 

t 

00 

1,2, 3, 4 


gradient  of  DCNBF  with  respect  to  angle 
of  attack,  per  degree 

gradient  of  DCN  with  respect  to  angle 
of  attack,  per  degree 

pitching  moment  coefficient  (CMBF)  at 
various  CRT  levels  minus  the  normal 
force  coefficient  of  the  body  alone  at 
CRT  = 0 

gradient  of  DCMBF  with  respect  to  angle 
of  attack,  per  degree 

pitching  moment  coefficient  of  body 
alone  at  CRT  values  greater  than  zero 
minus  the  pitching  moment  coefficient 
of  the  body  alone  at  CRT  = 0 

gradient  of  DCLM  with  respect  to 
angle  of  attack,  per  degree 

incremental  change  in  angle  of  attack, 
degrees 

denotes  incremental  change 


base 

local 

static  conditions 
total  conditions 
free  stream 

fin  radial  position  about  body 
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